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authors investigate about the integrability of the family QSH (the whole class of
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1. Introduction and statement of the main result

Let R[z, y] be the set of all real polynomials in the variables z and y. Consider the
planar system

!.E:P({L‘,y), y:Q(xvy)v (11)

where @ = dx/dt, § = dy/dt and P,Q € R|z,y]. We define the degree of sys-
tem (1.1) as max{degP,degQ}. In case that P and @ have no common factor,
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we say that (1.1) is non-degenerate. It is known that such a system can be trans-
formed into an associated algebraic first order ordinary differential equation and so
throughout the article we also consider the associated differential equation

Pz, y) = Qz,y)zy =0 (1.2)

and the associated vector field X = P(x,y)d/0x + Q(x,y)d/dy.

We denote the class of all quadratic differential systems with QS. Planar
polynomial differential systems occur very often in various branches of applied
mathematics, in modelling natural phenomena, for example, modelling the time
evolution of conflicting species, in biology, in chemical reactions, in economics, in
astrophysics, in the equations of continuity describing the interactions of ions, elec-
trons, and neutral species in plasma physics (see, for example, [3, 12, 20, 22]).
Polynomial systems appear also in shock waves, in neural networks, etc. Such dif-
ferential systems have also theoretical importance. Several problems on polynomial
differential systems, which were stated more than one hundred years ago, are still
open: the second part of Hilbert’s 16th problem stated by Hilbert in 1900, the
problem of algebraic integrability stated by Poincaré in 1891 [18, 19|, the prob-
lem of the centre stated by Poincaré in 1885 [17], and problems on integrability
resulting from the work of Darboux [6] published in 1878. With the exception of
the problem of the centre for quadratic differential systems, which was solved, all
the other problems mentioned above, are still unsolved even in the quadratic case.
To advance knowledge on algebraic integrability stated by Poincaré, it is useful to
have a large number of examples to analyse. In the literature, scattered isolated
examples were analysed but a more systematic approach is still needed. This is ulti-
mately the main motivation for the work in this article. The class QSH (the whole
class of non-degenerate planar quadratic systems possessing at least one invariant
hyperbola) is a rich family that was studied in [13-16]. The study of integrability
of the family QSH was initiated in [14]. In [15], the authors classified the fam-
ily QSH, according to their geometric properties encoded in the configurations of
invariant hyperbolas and invariant straight lines that these systems possess. The
family QSH can be split as: QSH1 of systems which possess either exactly two
distinct real singularities at infinity or the line at infinity filled up with singularities
and QSH2 of systems which possess three distinct real singularities at infinity in
P5(C). In [15], the authors proved that there are exactly 162 distinct configurations
and provided necessary and sufficient conditions for a non-degenerate quadratic
differential system to have at least one invariant hyperbola and for the realization
of each one of the configurations (conditions expressed in terms of the coefficients
of the systems).

In [15], the authors provided all the normal forms for the family QSH for the
group action of the affine transformations and time rescaling. In particular for the
family QSH1, they found 13 different normal forms and in [16] the authors proved
the integrability for systems QSH1 in 11 of the 13 normal forms of the family and
the generic non-integrability for the other 2 normal forms. Although the generic
non-integrability (in the sense of Liouville integrability) has been proved, what
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is left out is a set of measure zero and so the study is not complete and there
are families with two parameters for which it is not known if they are Liouvillian
integrable or not because the number of invariant curves and exponential factors
are not sufficient for finding a Liouvillian first integral or an integrating factor (see
§4 for their definitions). More precisely, the families that are left out are the ones
in which the parameters of system A and system B satisfy (a,g) € L1 UL, UC” and
(a,g) € L1 U Ly, respectively (see the notation of systems A, B, L;, Ly in Section 6
and Theorems 6.1 and 6.2 in [16]). We just recall here that Liouville integrability is
related with the existence of a first integral expressible as quadratures of elementary
functions.

The same type of study as done for family QSH1 is done for the family QSH2 in
a work in preparation. In that work, the authors prove the integrability for several
normal forms in the family QSH2 and the generic non-integrability (in the sense
of Liouville integrability). What is left out is a set of measure zero and there are
families for which it is not known if they are Liouville integrable or not. One of these
families it is the normal form (3.4) in [15] with g = 1/2, that is, the two-parameter
family

1 1
¥ =al2h—1)+x+ §IE2 +(h -1y, y =-y— 3%y + hy? (1.3)

where a,h € R with a # 0. Note that this family has the invariant hyperbola
a + zy = 0. The main objective of the present article is to study the Liouvillian
integrability of system (1.3). We have chosen this family because among the families
for which it is not known if they are Liouvillian integrable or not it is the one having
more free parameters.

The following is our main result.

THEOREM 1.1 The following holds for system (1.3):

(A) We have Liouvillian integrability in the following cases:
(i) On the cubic curve a(2h +1)2 —4 = 0;
(i) On the lines h =1/2 and h=1;
(1i1) At the following four points: (a, h) €
{(-36/25,1/3),(—1/4,-3/2),(—3/25,-3/2),(2/9,2)}.
(B) Excluding the cases provided by statement (A), we do not have Liouvillian
integrability in the following cases:
(i) In the half plane h > 1/2, with the exception of the line h=2;
(i) On every line h= C where C < 1/2 and C is not rational;
(1ii) On the line h =1/3 for a # —36/25;
(iv) On every line h = n/(2n + 4) with n € NU{0}.

Some of these are shown in figure 1.

https://doi.org/10.1017/prm.2024.78 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2024.78

4 Y.P. Mancilla-Martinez and C. Valls

h A

119(2/9.2)

h=1
h=1/2

®[-3i/5.1)3)

A

Y

Figure 1. Liouvillian Integrability of system (1.3) on the plane ah.

COROLLARY 1.2. The points (a, h) in the parameter space of the family (1.3) with
a# 0 satisfying a(2h + 1)%2 — 4 # 0 not covered by theorem 1.1 are:

(1) (a,h) withh <1/2, h # —=3/2, h rational and h # 5.7 for anyn € NU{0};
(2) (a,2) with a # 2/9;
(3) (a,—3/2) with a # —1/4 and a # —3/25.

It is well-known that a Liouville first integral is constructed from invariant alge-
braic curves and exponential factors (see §4 for their definition) associated with
multiple algebraic curves or to the straight line at infinity, see for instance [5]. Both
the invariant algebraic curves and the exponential factors have polynomial cofac-
tors and a linear combination of these cofactors is the key to find Liouville first
integrals and our approach will be to use Puiseux series to obtain the algebraic
invariant curves that together with the exponential factors will allow us to prove
theorem 1.1. More precisely, with the definition of invariant algebraic curve (see
again §4), it is clear that y =0 and a + zy = 0 are invariant algebraic curves of
system (1.1) for any value of the parameters. However, these two invariant algebraic
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curves are not sufficient to prove Liouvillian integrability for system (1.1) and in
order to have it, the existence of more invariant algebraic curves are needed. So, we
will investigate under what conditions on the parameters there are more invariant
algebraic curves then y and a + zy.

For this, we will use a novel algebraic method for finding invariant algebraic
curves for polynomial vector fields which is based in the representation of such
an invariant algebraic curve in the field Co{y}, where C{y} is the set of formal
series in fractional powers in the variable y centred at co and possessing coefficients
in C. These series are called Puiseuz series. This representation of the invariant
algebraic curves in terms of Puiseux series is given in theorem 4.8 in §4 (see also
84 for the description of the Puiseux series method).

The number and type of Puiseux series are very useful in order to establish a
bound for the degree of the invariant algebraic curves of a given system. More
precisely, in many situations, depending on the form of the system, and if the
parameters of the system satisfy or not certain conditions, such invariant algebraic
curve takes the form of a finite product of Puiseux series which allows us to bound
the degree of the invariant algebraic curve and so to find all the irreducible invariant
algebraic curves in explicit form. Moreover, even if the number of Puiseux series
centred at the point y = oo is infinite, the computations of the invariant algebraic
curves can still be performed obtaining all the irreducible invariant algebraic curves
in explicit form for many families of differential equations.

To compute all the Puiseux series in the field C{y} satisfying Eq. (1.2), we need
to obtain the so-called dominant balances that are combinations of monomials
of Eq. (1.2) and can be obtained using the boundary of the associated Newton
polygon of Eq. (1.2) (see definition 4.6 in §4). To obtain the Newton polygon, we
follow the method described in §4.2.

From the Newton polygon, we obtain different balances that correspond to the
different monomials of Eq. (1.2) that generate the vertices and the edges. Among
them, we select the dominant balances and we look for the solutions of the equations
associated with these balances that are of the form x = cy” with ¢#0 and r € Q.
We will call them power solutions (if r is not rational then a power solution does not
generate a Puiseux series, see (4.3) of §4). Next, we calculate the Fuchs index which
is a complex number attached to the dominant balance at the solution x = cy”.
Basically, the Fuchs index associated with a power solution z(y) = cy” of the
associated equation of a dominant balance is a zero of the Gateaux derivative of
the balance evaluated at the solution. The Fuchs index is important, especially
when it is a rational positive number, because then it redefines the integers that
appear in the fractional exponents of the Puiseux series (see (4.3) and again §4 for
details of the way it is computed). Finally, we recall that to verify the existence of
a Puiseux series with the correct exponent after the analysis of the Fuchs index, we
need to replace the possible Puiseux series into Eq. (3.1) and get the conditions to
vanish all the coefficients, called the compatibility conditions (see again the details
in §4 or [9]).

The article is organized as follows. In §2, we have included auxiliary results that
will be used to prove theorem 1.1. The proof of theorem 1.1 is given in §3. The
different cases are treated separately. All the algebraic curves used in the proof of
statement A of theorem 1.1 are of degree at most two and so we just present them

https://doi.org/10.1017/prm.2024.78 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2024.78

6 Y.P. Mancilla-Martinez and C. Valls

in the article in proposition 2.1 in §2 (they can be obtained directly). However,
in order to illustrate how Puiseux series help in these cases, we have included
the proof of statement A(i) of theorem 1.1 in §3 (see proposition 3.2). Finally,
we have included an Appendix where we provide some general definitions, some
properties of the Puiseux series as well as the definition of the Newton polygon, the
precise definition of dominant balances and their construction, the precise definition
of Fuchs index and the way it is computed and in general and all the necessary
information and definitions to obtain Puiseux series.

2. Auxiliary results

The next proposition proves theorem 1.1 (A).

PROPOSITION 2.1. System (1.8) is Liouvillian integrable in the following cases:

(i) On the cubic curve a(2h +1)2 —4 =0;
(i) On the lines h =1/2 and h=1;
(ii) At the following four points: (a,h) €
{(-36/25,1/3),(—1/4,-3/2),(=3/25,-3/2),(2/9,2)}.

Proof. If a = m system (1.3) has the invariant algebraic curves y, a + zy and

T—y+ 1_%,1. It has the integrating factor of the form y"=1/2(a + zy)" ' (z —y +
1_f2h)’(2h+1)/2, and so it is Liouville integrable.

If h = 1/2 system (1.3) is integrable with the polynomial first integral a + zy,
and so it is Liouville integrable.

If h =1 system (1.3) has the invariant algebraic curves y, a+zy and a+x + %azQ.
It has the integrating factor of the form (y(a+z+ $2?)(a+zy))~" and so it admits
a Liouvillian first integral.

These prove statements A(i), A(ii) of theorem 1.1.

From now on in all the article, we assume that h # {1/2,1} and a(2h+1)%>—4 # 0.

If we assume that h = 1/3 and a = —36/25, system (1.3) has the invariant
algebraic curves y, a+zyand 1+5x/3 —a~t2?+a~tzy. Then, it has the integrating

factor
~2/3( _ 30 )1/6( S22 2 )*5/6
Y ( 25+my 1+3x+36x 361:y
and so it is Liouvillian integrable.

If h = —3/2 and a = —1/4, system (1.3) has the invariant algebraic curves g,
a+ zy and 2 + 2z + 2% + 2y — 2xy + y2. It has the integrating factor of the form
y(24+2z+22+2y—2xy+y?) "' (a+xy)~/* and so it admits a Liouvillian first integral.
Moreover, if h = —3/2 and a = —3/25 system (1.3) has the invariant algebraic
curves y, a4+ xy and 108 + 180z + 7522 4 140y — 1502y + 75y2. It has the integrating
factor of the form y~=2/3(a + xzy)~'/2(108 + 180z + 7522 + 140y — 150xy + 75y>)~5/6
and so it admits a Liouvillian first integral.

If h=2 and a = 2/9, system (1.3) has the invariant algebraic curves y, a + zy
and 4 + 6x + 322 — 4y. It has the integrating factor of the form (y(4 + 6x + 322 —
4y))~Ya + zy)~/? and so it admits a Liouvillian first integral.
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This previous analysis concludes the proof of the proposition. O
The following two propositions will be used in the proof of theorem 1.1 (B).

PropoSITION 2.2. The unique monic irreducible invariant algebraic curve of
system (1.3) which only depends on y is f(y) = y.

Proof. Let f(y) € Cly] be an irreducible invariant curve of system (1.3) of degree
n. We can write it as f(y) = a + by with b # 0 (otherwise the curve would have
components and would not be irreducible). Since we are assuming that the curve
is monic we take b =1. Note that f satisfies

1 d
Y1+ g ) T = (Ko + Ko+ Koy,
2 dy
1
ie. —y(1+§x—hy) = (Ko + K1z + Kay)(a +y), (2.1)

where Ky, K1, Ko € C. If a # 0 then evaluating (2.1) on y =0 we get Ko = K; =0
and then, after simplifying by y, Eq. (2.1) becomes

1
—(1+ 3%~ hy) = Ka(a +y),

which is not possible. So, a =0 and f(y) = y, as we wanted to prove. O

PROPOSITION 2.3. If y and a+zy, a # 0 are the only invariant algebraic curves
that are defined by irreducible polynomials of a system (1.3) with h # 1, then the
system is not Liouvillian integrable.

Proof. We compute the exponential factors. Clearly, we may have the following
exponential factors exp(f(z,y)) where f € Clz,y] \ C, exp(f(z,y)/y™) where f €
Clz,y] \ C coprime with y and some n € N, exp(f(z,y)/(a + xy)™) with f €
Clz,y] \ C being coprime with a + 2y and n € N, or exp(f(z,y)/(y™ (a + zy)"2))
with f € C[x,y] \ C being coprime with y and a + zy and ny,ng € N.

Assume first that we have the exponential factor of the form exp(f(z,y)) where
f € Clz,y] \ C. Then we have

(a(2h—1)+z+%x2+(h—1)zy)ﬁ+y(—l—%z+hy)

o % = Bo+prz+ B2y, (2)

with 3; € C.

If h # 0, evaluating the above equation on

(gj’y):(fli 1+2a—4ah,0), (;E?y):(ilim?$)

and

(z,y) = (—1 + /1= 2ah, HW)
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we get

0= 8o+ Bi(—1% VI~ 2a— 4dah),

1—+1-—2ah
0=7050+pi(-1+ v1—2ah)+ﬁ2Ta
yielding By = 51 = B2 = 0 (we recall that h # 1).
On the other hand, if h=0 then evaluating (2) on

(@y) = (-23), @y =(-1£VI+2a0)

we get
afs

0250—251+77 0=+ B1(—1+ 1+ 2a)

which yields again 8y = 81 = 82 = 0. In short 8; = 0 for i = 0,1,2 and so exp(f)
is an exponential factor which is not possible.

Assume now that we have the exponential factor exp(f(x,y)/y™) where f €
Clz,y] \ C coprime with y and some n € N. Then we have

(a(2h— )4+ %:ﬁ +(h— 1)xy)% +y(— 1- %x+hy)%—
- n( —1- %x + hy)f = (Bo + Brz + Bay)y", (2.2)

with f; € C. Restricting (2.2) on y =0 and denoting by f the restriction of f on
y=0 we get that f = f(x) # 0 (because f and y are coprime) and satisfies

af

(a(2h ) %ﬁ) = = n( 11— %x)f (2.3)

Solving Eq. (2.3), we get

F=r(2+ I)Qa(172h)/n6(47m2)/(2n)’ % e R.

Note that f is never a polynomial if x # 0. Therefore, f = 0, which is not possible.
Hence such an exponential factor cannot exist.

Assume that we have the exponential factor exp(f(z,y)/(y™1 (a + zy)"2)) where
f € Clz,y] \ C coprime with y and a + zy and some ny,ne € N. Then we have

(a(2h— ) +az+ %az2 + (h — l)zy)% +y(— 1- %dfﬂw)%—
—ny ( -1 %x + hy>f —n2(2h = 1)y f = (Bo + iz + Pay)y™ (a + zy)"2,
(2.4)

with 8; € C. Restricting (2.4) on y =0, taking into account that n; > 1 and
denoting by f the restriction of f on y =0 we get that f = f(z) # 0 (because f and
y =0 are coprime) and satisfies (2.3) with n replaced by n;. The same arguments
used to treat Eq. (2.3) imply that f = 0 which is not possible. Hence such an
exponential factor cannot exist.
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Finally, consider that we have the exponential factor exp(f(x,y)/(a+zy)™) where
f € Clz,y] \ C coprime with a4 zy and some n € N. Then we have

(a(?h—1)+x+%x2+(h—l)xy)a—x—l—y(—1—fx+hy)a—y (2.5)
—n(2h = D)y f = (Bo + Brx + Bay)(a + zy)",

with 3; € C. Restricting (2.5) on a + 2y = 0 and denoting by f the restriction of f
on y = —a/x we get that f # 0 (because f and a + 2y are coprime and moreover
it is of the form a polynomial divided by some power of z). Hence it is a rational
function where the denominator is some power of z and satisfies

af

= —n(2h-1)

(ah+x+1x2) a7
2 T

Solving it we get

(V2ah =1 +i(1 + )" /2(v/Bah =1 — i(1 + x))liﬂ)(”},ﬁ"

T

J=e

when h # 0 and

P () exp( )

when h=0. Clearly, in both cases we get that f is not of the form a polyno-
mial divided by a power of . Hence f = 0, which is not possible. Hence such an
exponential factor cannot exist.

In short, there are no exponential factors and the unique Darboux functions are
of the form

G(z,y) =y (a+zy)1, Lo, 4 €C.
The cofactor of G is
1
K(z,y) :fo(* 1-— §x+hy) + 41(2h — 1)y.

Note that K(x,y) = 0 implies that £g = ¢; = 0 and so there are no Darboux first
integrals. On the other hand, since the divergence of system (1.3) is %x +(3h—1)y,
the solution of

1 1
K(,y) = to(—1- ST+ hy) + 012k — 1)y = —5o = (Bh—1)y
is empty, so there are no Liouvillian first integrals in this case. This concludes the
proof of proposition 2.3. O
3. Proof of theorem 1.1

As already pointed out in §1, system (1.1) has always the invariant algebraic curves
y=0and a+ay = 0 (a hyperbola). Now we look for the existence of more invariant
algebraic curves through the Puiseux series method.
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In view of theorem 4.8 in §4 to obtain the representation of a invariant algebraic
curve F(z,y) in terms of the Puiseux series we write Eq. (1.3) in the form of Eq.
(1.2), that is

2
2ah7a+hxy7hxyy2+%+%fxy+x+xyy:(). (3.1)

Note that in view of proposition 2.2, we have that u(y) = y and we just need

to compute all the Puiseux series in the field Coo{y} that satisfy Eq. (3.1). For

this, we need to obtain the dominant balances associated to the Newton polygon of

equation (3.1). The Newton polygon associated with Eq. (3.1) is shown in figure 2.
42

2p3

P2

Ipl 1 51

Figure 2. Newton polygon related to Eq. (3.1).

The proof of statement (A) is given in proposition 2.1. From now on in all the
article, we assume that h # {1/2,1}. For Eq. (3.1), there are four dominant balances
that can produce Puiseux series in a neighbourhood of y = co: two vertices and
two edges.

The only vertices that can produce Puiseux series in a neighbourhood of y = oo
and so that are dominant balances are py and ps.

If we consider the vertex ps, we have that the dominant balance is formed by
the monomials (h — 1)zy and —hy?z,. Then we look for power solutions of its
associated equation, which is of the equation

(h — )ay — hy?z, = 0.

This equation has the general solution x(y) = cy"=1/h Note that in order that it
generates a Puiseux series we must have h € Q (for h € R\ Q it does not provide
a solution with rational exponent).

On the other hand, for the vertex ps, the dominant balance is formed by the
monomials %xz and %xyxy and its associated equation

1 1
5332 + YTy = 0

has the solution z(y) = cy~ 1.

Furthermore, the only edges producing Puiseux series in a neighbourhood of
infinity (i.e. the unique dominant balances) are the edge p1pz and the edge Paps.
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The balance associated with the edge pips is a(2h — 1) + (h — 1)ay — hy?z, which
produces the solution z(y) = —ay~! + cyP=1/h of the equation

a(2h — 1) + (h — 1)zy — hy’*z, = 0.

Then we only have a solution of the required form = = boy”, with by # 0, and
r € Q for only ¢=0 and in this case the power solution is z(y) = —a/y. Note that
(h—1)/h = —1 implies h = 1/2, but this case was studied on statement A(iz) of
theorem 1.1.

The dominant balance associated with the edge pzps is (—1 + h)yz + %xQ —
hy*z, + %yxa:y which produces the solution z(y) = y of its associated equation

(=1+ h)yx + %:f — hnyy + %yxxy =0.

Now we make an analysis of these different cases in order to obtain the corre-
sponding Puiseux series (if it exists). We indicate below for each of the already
mentioned vertices and edges of the Newton polygon which form the dominant bal-
ances, the associated Fuchs index of each of the power solutions of their associated
equations.

In what follows we also indicate whether the compatibility conditions are satisfied
and if the Puiseux series are uniquely determined or not.

e The associated equation to the vertex ps has the solution z(y) = cy~!. The
Fuchs index is j =0 and analysing the compatibility conditions we get that
there are two possible Puiseux series centred at the point y = co.

(i) If h =1/n,n € Nyn > 3, the corresponding Puiseux series is

o= 20 At (1 22

y yn—l
n 7An_ n 7A7l_
L (ay2 ) o (ay3 1)+--~>, (3.2)
where fin(a, An—1), ¢ = 2,3,... is a parameter that depends only on

a and A,_1, being A,_1 € R. The Puiseux series is not uniquely
determined in this case.
(ii) If h is not in the previous form, the corresponding Puiseux series is

o) =" (3.3)

e The associated equation to the edge p1ps has the solution z(y) = —a/y. Here
the Fuchs index is j = (1 — 2h)/h. Analysing the compatibility conditions,
we get that there are two possible Puiseux series centred at the point y = oco.
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(i) fO<h<1/2and h=p/q,p# 1 then j € QT \ N and the Puiseux

series is
_—a Apyg
w(y) = y + y(a—n)/p
J1 (avAp,q) fa(a, Ap,q) f3(avAp,q)
X <1+ 7P + 2P + 37 +-- ], (34)

where f;(a, Apq) depends only on a and A, 4, being A, , € R. The
Puiseux series is not uniquely determined in this case.
(ii) If h is not in the previous form, we arrive to (3.3) or to (3.2).

e The associated equation to the edge paps has the solution z(y) = y. The
unique Fuchs index is of the form: j = 2/(1 — 2h). Thus, we consider the
Fuchs index only if it is a positive rational number, so a necessary condition
is h < 1/2. There are several Puiseux series in a neighbourhood of infinity.

(i) Ifh# 3 — % with (p,q) = 1 for any p,q € Z with pg > 0, the Fuchs
index is j # p/q. The Puiseux series in (4.3) has the form

4 1 1 1

with
_ (2h—1) 4
T (“ T @h+ 1)2> ' (36)

The Puiseux series is uniquely determined.
(i) If b = § — L with p € N (i.e. b = B2, the Fuchs index is j = p € N).
We have different possibilities.

If p=1then h = —1/2, the compatibility conditions are not satisfied
and there is no Puiseux series in this case. If p =2, then h =0 and it is
proved that if a # 4 = 4/(2h+1)? (which is the case) the compatibility
conditions are not satisfied and there is no Puiseux series.

If p>2, then we can write h = n/(2n + 4) with n € N. Since
a # 4/(2h 4+ 1)?, there are some particular values of a (that we write
a in table 1) which depend on n in such a way that if a # @ then
the compatibility conditions are not satisfied and there is no Puiseux
series, and in case that ¢ = @ then there is an infinite number of
Puiseux series (depending on some b, 42 € R) that are of the form

4 1 1 1 bn+2
— P e e T 14...
) =Yg C<y+(2h+1)(6h—1)y2+ )+y"+1( +)
(3.7)

with ¢ as in (3.6).
Unfortunately, we do not have a general form for a depending on n
but in table 1 we summarize the first ten of these values.
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Table 1. Some values of a

n h a

1 1/6 9/4

2 1/4 16/9

3 3/10 —155/16

4 1/3 —36/25

5 5/14 —7(297 £ 5v/3585) /144
6 3/8 — (295 + 9v/1569) /98
7 7/18 a solution of (e1)

8 2/5 a solution of (e2)

9 9/22 a solution of (e3)
10 5/12 @ solution of (e4)

where

(e1) —3507934149 + 25391180164 + 1890652160a? + 32768000a* = 0
(e2) —245120000 — 102999600a + 356131080a* + 26040609a> = 0
(e3) —1963821677983 — 138818972652800a + 113356300530000a>+
26395138000000a® + 274400000000a* = 0
(e4) 4086726130944 — 13712198664384a + 4547349639459a%+
4523567633596a> + 185206073184a* = 0.

(iii) If h = %f% with (p,q) =1, ¢ # 1, p,q € Z with pg > 0, Fuchs index
j = p/q, there is an infinite number of Puiseux series whose expressions
depend on the values of ¢ and p and they are very complicated (note
that if ¢/p < 1 then j = p/q € QT \ N but if ¢/p > 1 then j = p/q do
not necessarily belong to Q™ \ N, and so these expressions can be com-
pletely different depending on whether ¢/p > 1 or ¢/p < 1). Although
particular cases with fixed values of p and ¢ could be analysed, we
cannot address the general situation because of the complexity and so
it is out of the scope of the article.

e The associated equation to the dominant balance given by the vertex po
has the solution z(y) = cy®~1/". So, if either h=0 or h & Q the solution
z(y) is not of the required form byy” with by # 0 and r € Q and so there
are no Puiseux series associated with this vertex in these cases. For h € Q,
the related Fuchs index is j =0, and the nature of h determines the nature
ofr=(h—1)/h.

(i) If h = n € N, with n>1, there is an infinite number of Puiseux
series of the form
n—1

n— n 2 n— n
z(y) = Ay /" — TA(%Z/( g (3.8)

where Ag € R. So, the Puiseux series is not uniquely determined.
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(ii) If h = p/q with (p,q) =1, p # 1, ¢ # 1 and h > 1 then we have that
there is an infinite number of Puiseux series of the form

z(y) = AgyP=0/P 4 chqugy(p*Qq)/p N (3.9)

where ¢1 4 # 0 and Ap € R. Again the Puiseux series is not uniquely
determined. We provide some values of ¢y for different h = p/q.

_2/37 b= 37 q= 2a

74/57 p= 53 q= 27
Cl,p,qg =

_5/87 b= 41 q= 37

-7/10, p=5, gq=3,

(iii) If h = p/q with (p,q) =1, p#1, ¢ # 1 and 1/2 < h < 1 then with
r = (p—q)/p we have an infinite number of Puiseux series of the form

z(y) = Agy't 4P — gyt — Cz,p’quy_Q/p — C?)’p’quy(p—2q)/17 4
(3.10)
where ¢ 4,354 > 0 and A € R. Again the Puiseux series is not
uniquely determined. We provide some values of c3, , for different

h=p/q.
1/6, p=3, q=5,
1/8, p=4, q=T1,
1/57 p:5’ q:8a
C3,p,q =
3/8, p=4, q=5,
1/3, p=3, q=4,
1/4, p=2, q¢=3.

(iv) If h = p/q with 0 < h < 1/2, the compatibility conditions are
not satisfied and there is no Puiseux series in a neighbourhood of the
infinity. Note that in particular in this case, we have h = 1/n with
n>3and h=n/(2n+4) with n > 0.

(a) If h <0, the compatibility conditions are not satisfied and there is
no Puiseux series in a neighbourhood of the infinity possessing the
solution z(y) = cy" /" as the highest-order term.

We first illustrate the proof of statement (A.1) using Puiseux series.

PROPOSITION 3.1. Assume that a satisfies a = 4/(1 + 2h)2. In this case, system
(1.3) has the invariant algebraic curves y= 0, a+xy =0 and x —y+4/(1+2h) = 0.

Proof. First note that y=0, a +zy = 0 and x — y + 4/(1 4+ 2h) = 0 are invariant
algebraic curves for system (1.3) when a = 4/(1 + 2h)? with h # —1/2. We will
obtain them from the analysis of the Puiseux series and in particular choosing for
some vertices and edges the simplest form of the Puiseux series.
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From the vertex p3, we get that if h # 1/n the Puiseux series is z(y) = —a/y (see
(3.3)). On the other hand, if h = 1/n the Puiseux series is as in (3.2), where A,,_; €
R is arbitrary and for the particular case A, _1 = 0 we get again z(y) = —a/y. In
particular from the vertex ps, we can always have the Puiseux series z(y) = —a/y.

From the edge psp3, we have:

e for h # 1/2 — q/p the Puiseux series is z(y) = y — 4/(1 + 2h) (see (3.5)).
o for h=1/2—q/p, ¢#1, pg>0, p,q € Z the Puiseux series takes the form

A
2(y) =y + Apy™ + k1 Apy™ + (—4/(1+2h) +ndp) + fil4,)

oo (3.11)

where A, € R and in the particular case A, = 0, we get that f;(0) =0 and
w(y) =y — 4/(1+2h).

o for h=1/2—1/p, p € N, p > 2 (note that since a = 4/(1 + 2h)? we have
that h # —1/2 and so p # 1) and in this case the Puiseux series is of the
form

o 4 Ap ’I’LlAp TLQAP ngAp
:v(y)—y—H%er%1 <1+ Tt +o ),

where n; € N, A, € R and in the particular case A, = 0 we get z(y) =
y—4/(1+2h).

Note that in particular for the edge pops3, we can always have the Puiseux series
z(y) =y —4/(1+2h).

It is not necessary to consider the edge pips or the vertex ps since the Puiseux
series that we have obtained are sufficient to form the invariant algebraic curves
that will lead to the Liouvillian integrability.

It follows from theorem 4.8 (see §4) and the explanation above that F(x,y) can

have the form
l2 I3
a 4
F — 1 =z
(@.y) =y (x y) (x Y 1—|—2h> ’

with 14, l2, I3 € {0,1}. Since y=0, a + zy = 0 and = — y + 4/(1 + 2h) = 0 are
invariant algebraic curves, combining the possibilities for the purpose of getting a
first integral for the values of [1,l3,l3 and taking into account that the invariant
algebraic curves are irreducible polynomials, the proposition follows. O

Now we make a detailed study of the different cases that we separate into different
propositions. From now on, we assume that a # 4/(1 + 2h)%. This condition will
be assumed in the next seven propositions.

PROPOSITION 3.2. Assume that h € R\ Q. In this case, the unique invariant
algebraic curves of system (1.3) are y and a+ zy.
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Proof. Tt follows from (3.3), (3.5), theorem 4.8 and the explanation above that
F(z,y) is equal to

¢ 4 1 1 1 ‘3
1 a\™ _ e N
{y (“y) <x y+2h+1+c(y+(2h+1)(6h—1)y2+ )) } ’

+

with £, €5, ¢35 € {0,1}. Note that the maximum degree in z is two and the maximum
degree of y is two, then F' is at most a polynomial of degree three of the form

F(z,y) = ap + 1@ + aoy + azz® + aury + asy® + arz’y + agry?,

with «; € C. Taking into account that the cofactor is of the form K(z,y) =
Bo + Bz + Boy with B; € C, and imposing that F' is an invariant algebraic curve
we get that the unique irreducible invariant algebraic curves are y, a+ xy and
ﬁ + 2z — y whenever a = 4/(1 + 2h)?. Taking into account that we are assuming
that a # 4/(1 + 2h)? and using proposition 2.3 we conclude that system (1.3) in
this case is not Liouville integrable. O

PROPOSITION 3.3. Assume that h > 1/2 with h € Q\ {1,2}. In this case, the
unique invariant algebraic curves of system (1.3) are y and a+ zy.

Proof. We consider different cases.
Assume first that h = n € N with n > 3. Then it follows from (3.3), (3.5), (3.8),
theorem 4.8 and the explanation above that F'(x,y) is equal to

¢ 4 1 1 1 ‘3
L1 a2 _ - e S
{y (“;,) <x y+2h+1+c(y+(2h+1)(6h—1)y2+ ))

i o 2n—1 Coim
H{J?—Ao,z‘yl Y +T(Ag,iyl 2/ +}} )
+

with £, 05,05 € {0,1}. Note that ¢; = 1 since otherwise F(x,y) can never be a
polynomial.

Moreover, we note that 2—2/n # 1/m for any m € N whenever n > 2. Therefore,
for n > 2, computing the terms of the form 22 T¢3=192-2/" we get that their sum
is of the form

2 — 1
2n Z A(z)vi = 07
=1

which yields Ag; = 0. Now proceeding exactly as in the proof of proposition 3.2,
we conclude that system (1.3) in this case is not Liouville integrable.

Assume now that h = p/q with (p,q) =1, p# 1, ¢ # 1 and h>1 (so p>q)
then it follows from (3.3), (3.5), (3.9), theorem 4.8 and the explanation above that
F(z,y) is equal to
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¢ 4 1 1 1 3
41 a2 _ e H
{y (“y) (9” y+2h+1+c( Tenrneh-ne " ))

ﬁ{x_A(()i)yl—q/p (A( )2 1— 2q/p }} 7
+

i=1

with ¢1,4s, 03 € {0,1}. Again, ¢; = 1 since otherwise F'(z,y) can never be a poly-
nomial. Note that 1 — 2¢/p # —m with m € N for any p # 1, ¢ # 1 with p>q.
Therefore, computing the terms of the form z™*+¢2+3-1 4224/ we get that it is
of the form

—Cl,p,q Z(Ag))Q =
i=1

which yields Agz) = 0 (because c¢1,4 # 0). Now proceeding exactly as in the
proof of proposition 3.2, we conclude that system (1.3) in this case is not Liouville
integrable.

Assume finally that h = p/q with (p,q) =1, p# 1, ¢ # 1 and 1/2 < h < 1 with
h # 2/3. Then it follows from (3.3), (3.5), (3 0), theorem 4.8 and the explanation
above that F(z,y) is equal to

¢ 4 1 1 1 ‘s
£1 @)z _ - T T
{y (“y) (”” y+2h+1+c(y+(2h+1)(6h—1)y2+ ))

m
H {1: _ A07iy(p*‘I)/p —ay ' — 027p7qA07iy*Q/” _ 637,,7,114(2)713/(]”72‘1)/’7 N ’}} ,
+

i=1

with ¢1,02,¢5 € {0,1}. Again, ¢; = 1 since otherwise F(z,y) can never be a poly-
nomial. Note that 1+ (p — 2q)/p # —m with m € N\ {1} for any p # 1, ¢ # 1 with
p,q) = 1, p < q < 2p. Therefore, for h # 2/3, computing the terms of the form
p =1 /14 (P=20)/P we get that it is of the form

m
2
—C3,p,q E AO,i =0,
i=1

which yields Ag; = 0 (because ¢z, 4 # 0 because c3,4 7# 0). Now proceeding
exactly as in the proof of proposition 3.2, we conclude that system (1.3) in this
case is not Liouville integrable.

Finally, we study the case h = 2/3. It follows from (3.3), (3.5), (3.10), theorem
4.8 and the explanation above that F(z,y) is equal to (we have only written for
the vertex ps the powers of the form y~" with n € N. Note that there are also
terms with negative fractional powers in y but since they will not be used in the
argument of the proof we have not written them.)
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’ a2 12 36 —49a 36 —49a  3(49a — 36)
(e ) (o0 7 - g
y 7 196y 343y? 1715y3
3(245a — 1524)(49a — 36) (833a — 1908)(49a — 36) N )43
3697540y4 1848770y°

i a A%, 3A3, 3(3ba—48)A%, (49a — 36) A3 ;2
JT{e+S - 75 - 508 — e

P y 4y 20y 1120y 280y N

with €1, 4,03 € {0,1}. Note that £; = 1 and ¢35 = 1 (otherwise we clearly reach a
contradiction).
Computing the terms of the form 212 /y, we get that their sum is of the form

1 & 36 — 49a
S N - i |
4; 0,8 343 ’

which yields Y7, A2, = —236-494),

Computing the terms of the form z™%*2 /43 we get that their sum is of the form

3(35a — 48) Z’”: L2, 3(245a — 1524)(49a — 36)

, =0
1120 0,8 3697540 ’

1=

and computing the terms of the form z™%*2 /y* we get that their sum is of the form

:0,

49a — 36 (833a — 1908)(49a — 36)
PN 42
280 ; 0t 1848770

which yields 7", A%’i = 0. Now proceeding exactly as in the proof of proposition
3.2, we conclude that system (1.3) in this case is not Liouville integrable. 0

PROPOSITION 3.4. System (1.8) is not Liouvillian integrable for h= 0 and a # 4.

Proof. Tt follows from the explanation above that if h=0 and a # 4, the unique
Puiseux series is  — a/y. Therefore, using theorem 4.8, we obtain

a\ 2
F(.’E,y) = yél (1’+ y) ’

with £, 45 € {0,1}. Clearly, the unique irreducible invariant algebraic curves are y,
a+ zy and using proposition 2.3 we conclude that system (1.3) in this case is not
Liouville integrable. O

PROPOSITION 3.5. System (1.3) is not Liowvillian integrable for h = n/(2n + 4)
with n # 1,2, 4.

Proof. Note that n/(2n +4) = 1/m if and only if m = 4/n + 2. Moreover, m =
4/n 4+ 2 is an integer number if and only if n = 1,2,4. Since we are assuming
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n # 1,2,4 it follows from (3.3), (3.7), theorem 4.8 and the explanation above that
if a # a then

a\ ‘2
F(I’y):yél($+§) )

where £1,05 € {0,1}, and if @ = a@ then

a\ ‘2 15 4
F(as,y)—{yfl(ery) H{my+2h+1

=1

1 1 1 bo i f
z 4. L (T
+CQ/+@h+U@h—Uy2+ >+y"+1<+ )} ’

+

where £1, 02,05 € {0,1} and ¢ was given in (3.6).

If a # a then the unique invariant curves are y and a + zy and it follows from
proposition 2.3 that system (1.3) in this case is not Liouville integrable.

Assume now that a = a. If £3 = 0 the result is clear, so we may assume that
¢3 = 1. Note that if /4 = 1 and €5 = 1 then the term of the form z™/y is of the
form

1 _ 4 (2h — 1) B
mcm —m(a— (2h—|—1)2> 2h(2h + 1)(6h — 1) =0. (3.12)

Since it has to be zero, we must have a = which is not possible.

T

On the other hand, if /; = 1 and ¢ = 0 then the term of the form 2™~ /y is of
the form also as in (3.12), which is again not possible. On the other hand, if ¢; =0
and fo = 1 then the term of the form z™ /y is of the form

4 )@h—n

mc:m(“_@h+n2 2h

:O7

which is again not possible, because a # 4/(2h + 1)2. This concludes the proof of
the because using proposition 2.3 we conclude that system (1.3) in this case is not
Liouville integrable. O

PROPOSITION 3.6. System (1.3) is not Liowvillian integrable for h =1/4 and a #
16/9.

Proof. In this case it follows from (3.2), (3.7), theorem 4.8 and the explanation
above that when a # 16/9 we get

2 3
AS,j ABJ

k a A &
3,j
F(z,y) = yﬁ”{er s S +} )
j=1

y vy oy
+
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with £1, 05 € {0,1} (recall that in this case @ = 16/9 = 4/(1 + 2h)?, and so a # a).
Computing the terms with 2#272¢y~10=41 we get

kg

Z A?&,J = 0)
j=1

and so A3 ; =0 for j =1,...,k. In short, we obtain

F(z,y) = {yel {x+ Z}ez} : (3.13)

+

with ¢1,¢5 € {0,1} and proceeding as in the proof of proposition 3.2 we get that
system (1.3) in this case is not Liouville integrable. O

PROPOSITION 3.7. Assume that h = 1/3 and a # £36/25. In this case, the system
is not Liouwvillian integrable.

Proof. Assume that a # —36/25. In this case, it follows from (3.2), (3.7) (and the
explanation above (3.7)) together with theorem 4.8 and also the explanation above
in the article that

F(z,y) = y'1 (:E + Z)Ez

As 2 ‘3
{x+a—22’J(1++--->}
et vy y
+

£ 1 As;  3As, —12)A,
= y“<x+a)zn{x+a— 2g _3Aay; 3124y,
v/ y

y? y3 4y

4

(108 — 21a) Az ; + 243 3

— + - s
495

+

with ¢1, 5,03 € {0,1}. Clearly, if /3 = 0 we are done. So we can assume that 3 = 1.
Moreover, if ¢; = 0 then it is obvious that system (1.3) is not Liouville integrable.
So we have ¢; = {3 = 1. Moreover, computing the terms with 22~ /y we obtain

k
Z Az =0,
j=1

and computing the terms with 2¥+%271 /y* we obtain

k
Z A%,J = 07
Jj=1

which yields A ; = 0 for j = 1,..., k. Now, proceeding as in the proof of proposition
3.6, we get that in this case system (1.3) is not Liouville integrable. O
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PROPOSITION 3.8. System (1.3) is not Liouvillian integrable for h =1/6 and a #
9/4.

Proof. In this case, it follows from (3.2), (3.7), theorem 4.8 and the explanation
above that

2 3
A57j A5,j

Kk 0 A 1%}
=1

; o P yll yl7
+

with £1,05 € {0,1} (note that in this case @ = 9/4 = 4/(1 + 2h)? and so a # a).
Computing the terms with 2372y~ 13741 we get

kg

Z A?,j =0,
j=1

and so As ; = 0for j =1,..., k. In short, we get F(z,y) as in (3.13) and proceeding
as in the proof of proposition 3.2 we get that system (1.3) in this case is not Liouville
integrable. (]

Proof. Proof of theorem 1.1. The proof of theorem 1.1 statement B follows from
propositions 3.2-3.8. O

4. Appendix: Irreducible invariant algebraic curves and Puiseux series

We give some definitions and results that appeared in the article.

4.1. Irreducible invariant algebraic curves

An algebraic curve C(z,y) = 0 with C'(z,y) € Clx, y] is called an invariant algebraic
curve of system (1.1) if it satisfies the following identity:

PC, +QC, = KC, (4.1)

for some K € Clz, y], called the cofactor of the curve C'=0. For simplicity, we write
the curve C instead of the curve C'=0 in C?. Note that if system (1.1) has degree
m then the cofactor of the invariant algebraic curve C' of system (1.1) has degree
m — 1. When we look for a complex algebraic curve of a real polynomial system,
we are thinking of the complexification of the real polynomial system.

PROPOSITION 4.1. [10]  For a real polynomial system (1.1), C is a complex invari-
ant algebraic curve with cofactor K if and only if C' is also an invariant algebraic
curve with cofactor K.

PROPOSITION 4.2. [10] If C=0 is an invariant algebraic curve in C™ and C' =
Cy1Cy2 - Cns with C; irreducible over C and n; € N, then C; = 0 is an irreducible
invariant algebraic curve.
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We say that f =0 is an algebraic solution of (1.1) if it is an invariant algebraic
curve and f is an irreducible polynomial over C.

A function of the form f(z,y) = exp (g(x,y)/h(z,y)) with f and g being bivari-
ate polynomials and g, h € C[x, y] coprime is called an ezponential factor of system
(1.1) if there exists a function L € Clz,y] (called also the cofactor) of degree at
most m — 1 with m the degree of system (1.1) that satisfies the equality

Pf.+Qfy =Lf

for some L € Cl[z,y] called the cofactor of the exponential factor. We observe that
in the definition of exponential factor, the exponential factor is a complex function.
Again when we look for a complex exponential factor of a real polynomial system,
we are thinking of the complexification of the real polynomial system.

PROPOSITION 4.3. [5] If f = exp(g/h) is an exponential factor of system (1.1)
with cofactor L then h= 01is an invariant algebraic curve of the system with cofactor
Kj,. The polynomials Kj, and g satisfy the equation

Pg, +Qgy = Kng+ Lh
where g, h, L, K, € C[z,y].

PROPOSITION 4.4. [10] For a real system (1.1), the function f = exp(g/h) is an
ezponential factor with cofactor K if and only if the function f is an ezponential
factor with cofactor K.

A non-constant function H: U C R? — R is called a first integral of system (1.1)
in the open set U if this function is constant on each solution (x(t),y(t)) of system
(1.1) contained in U. In fact, H € C*(U) is a first integral of system (1.1) if and
only if

PH, +QH,=0 on U.

Consider the divergence of system (1.1) which is defined as div (P, Q) = P, +Q,.

Let U be an open subset of R? and R: U — R be an analytic function which is

not identically zero on U. A non-constant function R: U C R? — R is called an
integrating factor of system (1.1) on U if

div(RP,RQ) =0 or equivalently R,P + R,Q = —Rdiv (P, Q).
The integrating factor R is associated with a first integral H when HP = —H,, and

HQ = H,. Moreover, V = 1/R is called an inverse integrating factor in U\{R = 0}.
If system (1.1) has a first integral of the form

A A
H(z,y) = Cy' - G fih - f* (4.2)
where C; and Fj are invariant algebraic curves and exponential factors of system

(1.1), respectively, and A;,p1; € C, then we say that system (1.1) is generalized
Darboux integrable and we call the function H a generalized Darbouz function.
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Liouvillian functions are functions that are built up from rational functions using
exponentiation, integration, and algebraic functions, or equivalently, a class of func-
tions which are obtainable ‘by quadratures’. A first integral which is a Liouvillian
function is said to be a Liouvillian first integral. We refer the reader to [4] where
it is given the definition of Liouvillian functions through differential algebra.

THEOREM 4.5 [21] A system (1.1) it has a Liouvillian first integral if and only if
has a generalized Darboux integrating factor.

Therefore, the method of Darboux finds all Liouvillian first integrals. It is impor-
tant to mention that a polynomial differential system (1.1) that is Liouvillian
integrable does not always have an affine invariant algebraic curve. In [11], there is
an example of such a polynomial differential system.

4.2. Puiseux series

Given the differential system (1.1), we will use the Puiseux series in order to study
its invariant algebraic curves. In this sense, we follow the method developed in [7]
(see also [8], [9]) related with Puiseux series near infinite points, to analyse the
maximum degree of all irreducible invariant algebraic curves and to obtain them.
Although this method is not ours, we summarize it here for the sake of clarity.

Let Coo{y} be the set of formal series in fractional powers in the variable y
centred at the point oo and possessing coefficients in C. These series are called
Puiseux series.

More precisely, a Puiseux series in a neighbourhood of the point y = oo is given
by

R
x(y) = chy "o, (4.3)
=0

where [y € Z and ng € N.

We privilege the variable z with respect to the variable y and consider z as a
function of the variable y. The implicit function theorem can be used to establish
that a Puiseux series of the form (4.3) satisfying the equation F(x,y) = 0, where
F(x,y) is an element of the ring Clz,y], is convergent in a neighbourhood of the
point y = oo (the point y = oo is excluded from domain of convergence whenever
lo > 0). If ng > 1 then the convergence of the corresponding series is understood
in the sense that a certain branch of the ngth root is chosen and a cut forbidding
going around the branch point is introduced.

The construction of Puiseux series solving Eq. (1.2) can be performed with the
following algorithm considering the Newton polygon related to Eq. (1.2). For this,
we consider Eq. (1.2) that we write it as E(z,y,z,) = 0, and we shall consider
E(x,y,z,) as the sum of differential monomials given by

dx

7
TF L moeC\0Oh LindieNo (1)

Mmmm=WWW{

The set of all the differential monomials of the form (4.4) will be referred to as M.
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Define the map ¢ : M — R? by the following rules

dk
moexy’2 = q = (q2,q1), dT‘Z —q=(-k1), q(MMs)=q(M)+q(Ms),

where mgy € C\ {0} is a constant, M and M are differential monomials. We
denote the set of all points p € R? corresponding to the monomials of Eq. (1.2)
as S(E). The convex hull of S(F) is called the Newton polygon equation (1.2).
The name of Newton polygon is due to its similarity in construction and purpose
as the Newton polygon constructed for obtaining the leading order terms of the
solutions of f(x,y) = 0 (a polynomial over the complex field) but in our case for
E(z,y,zy) = 0. The boundary of the Newton polygon consists of vertices and edges.
Selecting all the differential monomials of the original equation that generate the
vertices and the edges of the Newton polygon, we obtain a number of balances.
The balance for a vertex is defined as the sum of those differential monomials in
E(z,y,x,) that are mapped into the vertex by ¢. The balance for an edge is defined
as the sum of differential monomials in E(z,y,x,) whose images belong to the
edge. We also need to introduce the following definition of dominant balance which
is very important in our study.

DEFINITION 4.6. We say that an algebraic ordinary differential equation
E(z,y,xy) = 0 has a dominant balance Eolx(y),y] (where again this expression
denotes a polynomial in x(y),y and the derivatives of x(y)), related to the point
y = oo if the following conditions are satisfied:

e each differential monomial M[x(y),y] appearing in Ey[z(y),y] is also
involved in the original equation E(x,y,x,) = 0;

e there exists a function x(y) = boy” with by # 0,7 € C such that all the
monomials M[x(y),y] of Eolx(y),y] have the same exponent s € C in the
relation M[boy",y] = Cy®;

e for all the monomials M[z(y),y| of equation E(x,y,x,) = 0 that are not
involved in Eg|x(y),y] we obtain M|boy",y] = Cpry™™, for some Oy € C,
where Re Py < Re s.

As pointed out before with the Newton polygon, we can identify the balances
selecting all the different monomials that generate its vertices and edges. Among
them, we obtain the dominant balances Fy[xz(y),y] and obtain power solutions
x(y) = boy", where by # 0, r € Q of the equation Ep[z(y),y] = 0 that we will call
the associated equation to the dominant balance Ey[x(y),y].

Since we are actually in R?, we consider the origin (q1,¢2) = (0,0) and for an
edge of the Newton polygon we denote ¥ the angle between its external normal
and the unit vector e—q1> directed along the axis g;. On the other hand, for a vertex
of the Newton polygon, we consider the angle ¥ between the vector §(Re 7, 1) and
6—C11>7 where r is the exponent in = ¢y", and § = %1 is such that 6(Re r, 1) lies in
the region bounded by the rays associated with the external normals of the edges
attached to the vertex. The dominant balance is related to the point y = oo if
0 < ¢ < /2. Whenever the Newton polygon degenerates to an edge or a vertex
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it is necessary to consider both normals (for the edge) and both vectors £(Re r, 1)
(for the vertex) (see [1, 2, 9] for more details).

To find the Puiseux series, we have to calculate the Gateaux derivative of the
dominant balance Eg[x(y), y] at the solution x(y) = boy” of its associated equation
in order to compute the Fuchs index of the dominant balance Ep[z(y),y]. The
Gateaux derivative of the dominant balance Ey[z(y), y] at the solution z(y) = boy”
is
Eolboy” +ty"7,y] — Eolboy”, y]

oz T 0 t = VO (45)

Here V(j) is a first-degree polynomial in the variable j. Recall that we consider
first-order ordinary differential equations. The coefficients of the polynomial V(j)
depend on by and the parameters (if any) of the original equation involved in the
dominant balance Ey[y(z),z]. The zeros jo of V(j) are called the Fuchs indices
of the dominant balance Ey[y(z),z] and of the power solution x(y) = boy” of its
associated equation. The Fuchs indices in QT take relevance on the construction
of the Puiseux series. Let lem(n, m) be the lowest common multiple of two integer
numbers n and m. If the Fuchs index jj is not a positive rational number, then
the number ng in the expression of the Puiseux series (4.3) is given by ng = ro
where rq is defined as r = r1/re with 71 and ry being coprime numbers, r; € Z
and ry € N. Otherwise, if the Fuchs index is a positive rational number jo = j1 /72,
we obtain nyg = lem(ja,72) where ro was defined previously and jo = ji/j2 with
coprime natural numbers j7; and js.

Finally, it is important to verify the existence of the Puiseux series of the form
(4.3) with Iy = rng. If the dominant balance Ey[z(y),y] corresponds to a vertex
of the Newton polygon, then the Puiseux series always exists and possesses an
arbitrary coefficient cg. In this case, the Fuchs index is equal to zero. Now let
us suppose that the dominant balance Fylz(y),y] corresponds to an edge of the
Newton polygon. Substituting series (4.3) into the equation E(xz,y,z,) = 0, one
can find the recurrence relation for its coefficients. This relation takes the form

k
H() Ck:Rk(CO7"'7ck—1)7 k€N7

no

where Ry is a polynomial of its arguments. Note that Rj can also depend on the
parameters (if any) of the original equation. The equation R,g;, = 0 is called
the compatibility condition. If the compatibility condition is not satisfied, then the
Puiseux series under consideration does not exist. Otherwise, the corresponding
Puiseux series exists and possesses an arbitrary coefficient cp;, and so we have
infinitely many Puiseux series. Consequently, we conclude that the Puiseux series
in question has uniquely determined coefficients provided that there are no non-
negative rational Fuchs indices.

In [8], it was established the relation between Puiseux series and a irreducible
invariant algebraic curve. The results are the following:

THEOREM 4.7 Let F(x,y) € Clz,y]\C, F, Z 0 be an irreducible invariant algebraic
curve of the polynomial vector field X and its related differential system (1.1). Then
F(z,y) takes the form
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N
Fz,y) = qn) [[{e -z} »  NeN, (4.6)
i=1 .
where p(y) € Cly] and x1(y), z2(y), ..., zn(y) are pairwise distinct Puiseuz series

in a neighbourhood of the point y = oo that satisfy P(x,y)—Q(z,y)zy = 0. The sym-
bol {W(x,y)}, means that we take the polynomial part of the expression W (x,y).
Moreover, the degree of F(x,y) with respect to x does not exceed the number of dis-
tinct Puiseux series of the form (4.3) satisfying equation P(x,y) — Q(x,y)z, =0
whenever the latter is finite. Furthermore, u(y) is either constant or an invariant
algebraic curve of X.

THEOREM 4.8 Suppose that x1(y),x2(y),...,xn(y) are pairwise distinct Puiseuz
series in a neighbourhood of the point y = oo that satisfy equation P(x,y) —
Q(z,y)xy = 0. Let the polynomial u(y) € Cly] be such that the following expression

F(z,y) = u(y) H{w —z;(y)} (4.7)

is irreducible in Clx, y], i.e. the non-polynomial part in (4.7) vanished producing the
polynomial F(x,y), then F(x,y) is an invariant algebraic curve of the polynomial
vector field X and its related differential system (1.1).
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